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The mitochondria of the respiratory yeast Kluyveromyces lactis are able to reoxidize cytosolic NADPH. Previously, we characterized an
external alternative dehydrogenase, KlNde1p, having this activity. We now characterize the second external alternative dehydrogenase of K. lactis
mitochondria, KlNde2p. We examined its role in cytosolic NADPH reoxidation by studying heterologous expression of KlNDE2 in Saccharo-
myces cerevisiae mutants and by constructing Δklnde1 and Δklnde2 mutants. KlNde2p uses NADH or NADPH as substrates, its activity in
isolated mitochondria is not regulated by exogenously added calcium and it is not down-regulated when the cells grow in glucose versus lactate.
KlNde2p shows lower affinity for NADPH than KlNde1p. Both enzymes show similar pH optimum.
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The mitochondrion is the cellular organelle responsible for
energy production. The electrons produced by oxidation of
NADH or NADPH are transported through the mitochondrial
respiratory chain to oxygen, generating a proton gradient that
leads to ATP synthesis during the oxidative phosphorylation
process.
In contrast to mammals, in the inner mitochondrial
membrane found in plants and fungi there are alternative
dehydrogenases able to oxidize cytosolic and matrix pyridine-
nucleotide coenzymes [1]. As opposed to complex I, alternative
dehydrogenases are non-proton-pumping and are single poly-
peptide enzymes instead of polymeric forms. These enzymes,
that transfer the electrons to ubiquinone, are external (catalytic
site faces intermembrane space) or internal (catalytic site faces
mitochondrial matrix) [2,3].
The precise physiological role of alternative dehydrogenases
is still unclear; their main function is probably related to the⁎ Corresponding author. Tel.: +34 981167000 2156; fax: +34 981167065.
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doi:10.1016/j.bbabio.2006.09.002regulation of intracellular redox balance and energy production.
Previously, we proposed that the characteristics of the
mitochondrial alternative NAD(P)H dehydrogenases are related
to the type of respirofermentative metabolism which predomi-
nates in different yeasts [4,5].
Kluyveromyces lactis is a respiratory yeast showing greater
use of the pentose phosphate pathway (PPP) to metabolize
glucose than the fermentative Saccharomyces cerevisiae
[6,7].
In K. lactis mitochondria, where the absence of complex I is
known [3], we previously characterized two alternative
dehydrogenases with sequences similar to those of S. cerevisiae,
the single internal (KlNdi1p) and the external (KlNde1p) [4].
Unlike with the external enzymes in S. cerevisiae [8–10],
KlNde1p is able to oxidize NADPH and it is not transcription-
ally down-regulated at high glucose concentrations. These
characteristics contribute to sustain the high activity of the PPP
and respiratory metabolism typical of K. lactis [4].
Until the present work, KlNde1p was reported as the single
external alternative dehydrogenase from yeasts with the
capability to oxidize NADPH. Other external alternative
dehydrogenases using NADPH have been reported in the
filamentous fungus Neurospora crassa and in plants [11–13].
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available [14], we found another putative external alternative
dehydrogenase (KlNde2p) showing greater similarity to the
external calcium-dependent enzyme from N. crassa than to the
enzymes from S. cerevisiae [5]. In this work, we characterize
this protein and study its role in the reoxidation of cytosolic
NADPH.
2. Materials and methods
2.1. Cloning of the KlNDE2 gene
The DNA and protein sequences of KlNDE2 were obtained from the
Génolevures database (http://cbi.labri.fr/Genolevures/elt /KLLA/
KLLA0A08316g). The KlNDE2 coding sequence, flanked by 1017 bp upstream
and 933 bp downstream, was cloned in the plasmid YEplac195, between the
XbaI and SalI restriction sites, using GAP-repair by recombination in S.
cerevisiae [15]. The sequence to be cloned was amplified by PCR from genomic
DNA of the K. lactis wild type strain CBS2359 using primers that contained 30
nucleotides at the 5′ end homologous to the YEplac195 multiple cloning site and
20 nucleotides at the 3′ end homologous to the KlNDE2 sequence. The resulting
construction was named pKlNDE2.
2.2. Sequence analysis
The similarity of protein sequences was analyzed using BLAST from
Génolevures. Multiple alignments were carried out using CLUSTAL W
(http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw.html).
Prediction of mitochondrial-targeting sequences was carried out using MitoProt
II and prediction of calcium-binding domains was carried out using MotifScan,
both programs available at ExPASy (http://www.us.expasy.org).
2.3. Strains of yeasts
The following K. lactis wild type strains were used: CBS2359 (MATa,
ATCC8585,NRRL-Y1140) and PM5-3C (MATa uraARag+) [16]. The following
S. cerevisiae strain, supplied by Euroscarf (http://www.uni-frankfurt.de/fb15/
mikro/euroscarf/col_index.html), was used: Y00726 (MATa his3-1 leu2-0
met15-0 ura3 YMR145c::kanMX4). The ORF YMR145c corresponds to the
NDE1 gene. The S. cerevisiae strains ENY.WA-1B (MATa ura3-52 leu2-3,112
trp1-289 MAL2-8c MAL3 SUC3), the phosphoglucose isomerase mutant EBY22
(ENY.WA-1B pgi1Δ::TRP1) [17] and GH1 (MATα, trp1-289, leu2-3, leu2-112,
gal1Δ152, lys2) were also used.
2.4. Media and culture conditions
Growth and handling of yeasts were carried out according to standard
procedures [18]. The yeast cells were cultured, unless otherwise stated, in
Erlenmeyer flasks at 30 °C and 150–250 rpm in the synthetic complete medium
CM [19] or the dropout media CM-ura (without uracil) and CM-leu (without
leucine), containing different carbon sources. YPD (2% glucose, 2% peptone
and 1% yeast extract) was also used. The flasks were filled with 40% volume of
culture medium. Solid growth media also contained 1.5% agar.
2.5. Construction of a S. cerevisiae Δnde1nde2 double mutant
Deletion of the open reading frame YDL085w (NDE2) was carried out in
the Δnde1 mutant Y00726 using the short flanking homology (SFH) method
described in [20]. The S. cerevisiae NDE2 gene (nucleotides +3 to +1635)
was replaced by the LEU2 gene. The SFH deletion cassette was constructed
with primers homologous to both the LEU2 gene (20 nucleotides at the 3′
end) and the NDE2 gene (30 nucleotides at the 5′ end), using YIplac128 as
template. The Y00726 strain was transformed with the SFH-PCR product and
transformants selected on CM-leu. Correct gene deletion was verified by
digestion of genomic DNA with EcoRV restriction enzyme followed bySouthern blotting and hybridization according to the protocol described in the
Digoxygenin Labeling and Detection Kit (Roche). The DNA probe was
obtained by PCR using S. cerevisiae GH1 genomic DNA as template and
specific primers which amplified the 560 bp region downstream of the stop
codon of the NDE2 gene.
2.6. KlNDE1 and KlNDE2 gene deletions in K. lactis wild type strain
Deletions in KlNDE1 (nucleotides +3 to +1638) and KlNDE2 (nucleotides
+20 to +2083) genes were carried out by the one-step method [21], which was
adapted to the low recombination frequency of K. lactis using regions
homologous to the target gene greater than 600 bp length. The templates of
the deletion cassettes were constructed as described in [15], and included the
kanamycin resistance gene (the kanMX4 module) flanked either by 1088 bp
homologous to the KlNDE1 5′ region and 656 bp homologous to the KlNDE1 3′
region or by 1047 bp homologous to the KlNDE2 5′ region and 953 bp
homologous to the KlNDE2 3′ region, in the plasmid YEplac195. The deletion
cassettes (3.3 kb and 3.5 kb) were PCR amplified and the products transformed
to the K. lactis wild type strain PM5-3C. For selection of transformants,
geneticin was added at a final concentration of 0.3 mg/ml to YPD medium.
Correct KlNDE1 gene deletion was verified by digestion of genomic DNAwith
EcoRI restriction enzyme followed by Southern blotting and hybridization
according to the protocol described in the Digoxygenin Labeling and Detection
Kit (Roche). The DNA probe was obtained by PCR using K. lactis CBS2359
genomic DNA as template and specific primers which amplified the 560 bp
region upstream of the start codon of the KlNDE1 gene. Correct KlNDE2 gene
deletion was verified by analytical PCR. Genomic DNA as template and several
combinations of inward primers, binding outside the deletion cassette, and
outward primers, binding within the kanMX4 module, were used.
2.7. Yeast transformation
The lithium acetate procedure [22] was used.
2.8. Isolation of mitochondria
The method described in [23] was used. Cells were aerobically grown in CM
or CM-ura (transformants) with 1% glucose or 1% lactate supplemented with
0.09% glucose, as carbon sources.
2.9. Oxygen uptake studies with mitochondrial preparations
Substrate-dependent oxygen consumption rates of isolated mitochondria
were determined at 30 °C using a Clark-type oxygen electrode (Hansatech) as
described in [9]. Measurements were made in the absence or presence of
0.25 mM ADP, and respiration was found to be sensitive to antimycin A in all
cases. Unless otherwise stated, the assays were performed at pH 7, with
respiratory substrates at 0.2 mMNADH and 1 mMNADPH. To test the effect of
calcium, a final concentration of 0.2 μg/ml was added.
2.10. Protein determination
Protein concentration was measured by the Bradford method (BioRad
reagent) using bovine serum albumin as a standard.
2.11. Other procedures
Standard procedures for manipulation of nucleic acids were essentially those
of [24]. Escherichia coli DH-10B was used for plasmid amplification.
2.12. Statistical analysis
Data are expressed as mean±standard deviation (S.D.). The statistical
significance of differences found between means was evaluated at the 95%
confidence level by the ANOVA and Multiple Comparisons Tests using the
program GraphPad Instat.
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3.1. Analysis of the sequence coded by the KlNDE2 gene
The KlNDE2 gene was identified in the K. lactis complete
genome sequence available from the Génolevoures database,
using BLAST to look for sequences with similarity to KlNde1p
[4]. KlNDE2 codes for the protein KlNde2p (KLLA0A08316g),
showing 39% identity with KlNde1p, 48% identity with the
external calcium-dependent NADPH dehydrogenase from N.
crassa [11] and lower identity (24 and 25%, respectively) with
S. cerevisiae Nde1p and Nde2p [9,10].
As predicted by the program MitoProt II [25], with a
probability of 0.96, KlNde2p has an N-terminal mitochon-
drial-targeting sequence containing 59 amino acids. KlNde2p
and also KlNde1p have longer predicted mitochondrial-
targeting sequences than KlNdi1p (25 amino acids) [4].
Similarly, in S. cerevisiae the external alternative dehydro-
genases have longer predicted mitochondrial-targeting
sequences than the internal enzyme [9].
Fig. 1 shows that KlNde2p contains two conserved glycine
rich motifs (GXGXXG) for binding the substrate (NADH or
NADPH) and the FAD cofactor [26]. The first of these fits into
the criteria proposed in [26] for NADPH binding: the last of the
three highly conserved glycine residues is replaced by serine,
and a negatively charged amino acid downstream, which is
conserved in the NADH-binding proteins, is replaced by an
asparagine, thus avoiding its unfavorable interaction with the
also negatively charged 2′-phosphate of NADPH. Moreover,
KlNde2p contains a putative calcium-binding motif predicted
by the MotifScan program as being questionable (Fig. 1).
The presence of a putative calcium-binding motif and the
loss of a conserved negative charge downstream of the first
glycine rich motif are the most characteristic differences
between this external alternative dehydrogenase from K. lactis
and the first one reported (Fig. 1) [4]. Functional predictions
based on this sequence comparison were tested experimentally
as described in the following sections.
3.2. KlNDE2 codes for an external mitochondrial
dehydrogenase that uses NADPH and NADH as substrates
The characteristics of the KlNde2p sequence discussed
above suggest an ability to use NADPH. We tested this
hypothesis firstly by studying heterologous expression of
KlNDE2 in S. cerevisiae. We constructed a S. cerevisiae double
mutant lacking both external alternative dehydrogenases by
deletion of the NDE2 gene in theΔnde1 mutant, as described in
Materials and methods. We verified that the isolated mitochon-
dria of this mutant were unable to oxidize both NADH and
NADPH (Table 1). Then, we transformed the S. cerevisiae
Δnde1nde2 strain using the plasmids pKlNDE2, described in
Materials and methods, or pKlNDE1, expressing the KlNDE1
gene from its own promoter as described in [4]. The mito-
chondria isolated from the transformants expressing either
KlNDE1 or KlNDE2 acquired the ability to oxidize both NADH
and NADPH, with the same efficiency (Table 1). These resultsalso confirm that the previously reported [4] increase in NADH-
oxidation rate by isolated mitochondria of the S. cerevisiae
Δnde1 single mutant when expressing the KlNDE1 gene was
actually due to the activity of KlNde1p and not to a putative
indirect effect caused by up-regulation of the S. cerevisiae
Nde2p, since the increase in activity in the single Δnde1 [4] was
of the same magnitude as that in the double Δnde1nde2 (this
work) mutants.
To obtain more evidence supporting the ability ofKlNde2p to
reoxidize the NADPH from the PPP, the plasmid pKlNDE2 was
introduced into the S. cerevisiae pgi1 mutant EBY22, which is
unable to grow in media containing 0.1% glucose or higher, due
to the depletion of NADP that blocks the PPP [17]. We
previously demonstrated that the overexpression of the KlNDE1
gene restored the growth of the pgi1mutant on media containing
0.1, 0.5 and 2% glucose, because KlNde1p reoxidizes the
NADPH produced in the PPP [4,5]. The transformants with the
plasmid expressing the KlNDE2 gene under its own promoter
region were able to grow onCM-ura with glucose concentrations
of 0.1 to 0.4%, but not with 0.5% or higher (not shown). This
result suggests that KlNde2p is an external dehydrogenase able
to oxidize cytosolic NADPH and also that KlNde2p is less
efficient in the reoxidation of NADPH from PPP than KlNde1p,
at least in vivo in the S. cerevisiae pgi1 mutant.
3.3. Deletion of the KlNDE1 and KlNDE2 genes in a K. lactis
wild type strain
To investigate the specific role of KlNde1p and KlNde2p in
K. lactis mitochondria, we deleted separately the KlNDE1 and
KlNDE2 genes in the chromosomal DNA of a K. lactis wild
type strain (PM5-3C), as described in Materials and Methods.
The mitochondria of the Δklnde1 strain contain KlNde2p as the
single external alternative dehydrogenase whereas the mito-
chondria of the Δklnde2 strain contain KlNde1p.
To ascertain the phenotype of the Δklnde1 and Δklnde2
mutants, we compared their growth rates with that of the K.
lactis wild type strain in shake-flask cultures supplemented
with different carbon sources (Table 2). There were no
significant differences in growth with the different carbon
sources, neither fermentable nor non-fermentable, in the K.
lactis strains wild type and Δklnde1. The Δklnde2 mutant
showed significantly higher duplication time in ethanol than
the wild type strain, suggesting KlNde2p involvement in
ethanol utilization for K. lactis.
We also measured the substrate-dependent rates of oxygen
consumption with isolated mitochondria from the Δklnde1
and Δklnde2 null mutants and the corresponding K. lactis
wild type strain growing in lactate media. The rates of
NADH or NADPH oxidation for the Δklnde1 and Δklnde2
mutants compared with the wild type did not decrease
(Table 3). In fact, the Δklnde2 mutant isolated mitochondria
showed even significantly higher NADH and NADPH
oxidation rates than the wild type. This striking result
suggests that deletion of either KlNDE1 or KlNDE2 may
lead to overexpression of the remaining gene by transcrip-
tional or post-transcriptional mechanisms.
Fig. 1. Selected domains of a ClustalW alignment of mitochondrial external alternative dehydrogenases from Kluyveromyces lactis, Saccharomyces cerevisiae, Yarrowia lipolytica, Neurospora crassa and Solanum
tuberosum. Glycine-rich motifs are in shadow in panels A and B, the conserved acid residue is in shadow in panel A and the putative calcium-binding E–F hand motifs are in shadow in panel C.
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Table 1
Substrate-dependent rates of oxygen consumption by isolated mitochondria
from the S. cerevisiae Δnde1nde2 mutant, untransformed and transformed with
an episomic plasmid expressing either the KlNDE1 or KlNDE2 genes
Strain NADH NADPH
Δnde1nde2 Oxygen uptake rate 0 0
Respiratory control – –
Δnde1nde2+pKlNDE1 Oxygen uptake rate 0.033±0.01 0.034±0.01
Respiratory control 1.72±0.13 1.47±0.22
Δnde1nde2+pKlNDE2 Oxygen uptake rate 0.036±0.01 0.032±0.01
Respiratory control 1.26±0.19 1.40±0.30
Cells were grown in aerobic lactate cultures as described in [23]. The oxygen
uptake rates (μmol O2/min×mg protein) were measured in the presence of
0.25 mM ADP; respiratory control values represent the ratio between respiration
rates in the presence and absence of ADP. Experimental results are the mean±S.D.
of at least two analytical measurements with mitochondria isolated from two
independent cultures of the untransformed Δnde1nde2 mutant and three
independent cultures of three different transformants.
Table 3
Substrate-dependent rates of oxygen consumption by isolated mitochondria
from K. lactis wild type strain (PM5-3C), Δklnde1 and Δklnde2 mutants grown
aerobically in lactate (1%) media
Strain NADH NADPH
PM5-3C Oxygen uptake rate 0.08±0.01 0.08±0.02
Respiratory control 1.45±0.06 2.34±0.86
Δklnde1 Oxygen uptake rate 0.11±0.01 0.16±0.00
Respiratory control 1.93±0.84 1.45±0.31
Δklnde2 Oxygen uptake rate 0.52±0.07 0.27±0.06
Respiratory control 1.55±0.19 1.22±0.04
The oxygen uptake rates (μmol O2/min×mg protein) were measured in the
presence of 0.25 mM ADP; respiratory control values represent the ratio
between respiration rates in the presence and absence of ADP. Experimental
results are the mean±S.D. of at least two analytical measurements with
mitochondria isolated from two independent cultures of each strain.
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caused, therefore, no obvious phenotype. However, the results
in the previous section on heterologous expression of KlNDE2
compared to KlNDE1 in the S. cerevisiae mutants suggested
that KlNde1p had greater efficiency than KlNde2p in the
reoxidation of cytosolic NADPH in vivo (but not in isolated
mitochondria). We next investigated this point. Four factors that
could possibly modulate the activity of both enzymes in vivo
were envisaged: pH, glucose down-regulation of KlNDE2,
regulation by calcium and cytosolic NADPH levels.
3.4. The effect of pH on KlNde1p and KlNde2p activities
In a first approach we had made all the measurements with
isolated mitochondria at pH 7 but the optimal activity of the two
N. crassa external alternative dehydrogenases is distributed in
different pH ranges [11,12]. Then, we measured NADH and
NADPH oxygen uptake rates using isolated mitochondria from
glucose grown cells of the K. lactis wild type and the Δklnde1
andΔklnde2mutant strains at different pHs. The results (Fig. 2)
show that the effect of pH on external dehydrogenase activity is
similar in the mitochondria from the three strains.
3.5. KlNde2p is not down-regulated when K. lactis grows in
glucose
To test if down-regulation of KlNde2p in glucose prevented
growth of the S. cerevisiae pgi1 mutant expressing KlNDE2 inTable 2
Duplication time (h) of Kluyveromyces lactis PM5-3C and isogenic Δklnde1
and Δklnde2 null mutants in CM with different carbon sources
Carbon source PM5-3C Δklnde1 Δklnde2
Glucose 3.2±0.6 3.9±0.4 2.0±0.2
Galactose 3.2±0.7 3.8±0.3 2.6±0.3
Lactate+glucose 0.05% 6.1±0.1 6.0±0.1 7.1±0.4
Ethanol+glucose 0.05% 4.3±0.1 4.3±0.1 8.8±0.8
Data are mean±S.D. from two independent shake-flask experiments.high concentrations of this carbon source, we measured NADH
and NADPH oxygen uptake rates using isolated mitochondria
from the K. lactis wild type and the Δklnde1 and Δklnde2
mutants growing in 1% glucose media and compared the values
obtained (Table 4) with those obtained using mitochondria from
lactate media (Table 3).
As with mitochondria from lactate cultures (Table 3), the
rates of NADH or NADPH oxidation with mitochondria
obtained from glucose cultures (Table 4) were not lower forFig. 2. Exogenous NADH and NADPH oxidation at pH ranging from 6.0 to 7.5
by isolated mitochondria from K. lactis wild type (PM5-3C), Δklnde1 mutant,
and Δklnde2 mutant. Black squares in dashed line correspond to the K. lactis
wild type, white circles to theΔklnde1mutant, and black triangles in dark line to
the Δklnde2 mutant. The oxygen uptake rates (μmol O2/min×mg protein) were
measured in the presence of 0.25 mM ADP. Respiratory control values, the ratio
between respiration rates in the presence and absence of ADP, are in the wild
type 1.35±0.16 for NADH and 1.16±0.13 for NADPH, in the Δklnde1 mutant
1.25±0.15 for NADH and 1.16±0.14 for NADPH, and in the Δklnde2 mutant
1.6±0.23 for NADH and 1.35±0.2 for NADPH. Cells were grown aerobically
in glucose (1%) media. Experimental results are the mean±S.D. of at least 3
measurements for each pH.
Table 4
Substrate-dependent rates of oxygen consumption by isolated mitochondria
from K. lactis wild type strain (PM5-3C), Δklnde1 and Δklnde2 mutants grown
aerobically in glucose (1%) media
Strain NADH NADPH
PM5-3C Oxygen uptake rate 0.26±0.02 0.17±0.03
Respiratory control 1.43±0.13 1.34±0.20
Δklnde1 Oxygen uptake rate 0.20±0.03 0.15±0.02
Respiratory control 1.54±0.35 1.39±0.17
Δklnde2 Oxygen uptake rate 0.52±0.04 0.25±0.03
Respiratory control 1.58±0.11 1.19±0.09
The oxygen uptake rates (μmol O2/min×mg protein) were measured in the
presence of 0.25 mM ADP; respiratory control values represent the ratio
between respiration rates in the presence and absence of ADP. Experimental
results are the mean±S.D. of at least two analytical measurements with
mitochondria isolated from two independent cultures of each strain.
Fig. 3. Calcium influence on KlNde2p activity. (A) NADH and NADPH
oxidation by isolated mitochondria from aerobic lactate cultures of the S.
cerevisiaeΔnde1nde2mutant transformed with an episomic plasmid expressing
the KlNDE2 gene from K. lactis. White bars correspond to absence of calcium
and grey bars to presence of calcium. The oxygen uptake rates (μmol O2/
min×mg protein) were measured in the presence of 0.25 mM ADP. Respiratory
control values for NADH were 1.27±0.20 at pH 7 and 1.26±0.30 at pH 7.5, for
NADPH the values were 1.32±0.24 at pH 7 and 1.37±0.20 at pH 7.5.
Experimental results are the mean±S.D. of at least two analytical measurements
with mitochondria isolated from two independent cultures of two different
transformants. (B) NADH and NADPH oxidation by K. lactis Δklnde1 mutant
isolated mitochondria. The cells were grown aerobically in lactate media. The
assays were performed at pH 7.White bars correspond to absence of calcium and
grey bars to presence of calcium. The oxygen uptake rates (μmol O2/min×mg
protein) were measured in the presence of 0.25 mM ADP. Respiratory control
values are for NADH 1.09±0.01 and for NADPH 1.22±0.02. Experimental
results are the mean±S.D. of at least two independent measurements.
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they were even significantly higher for the Δklnde2 mutant.
Comparison of Tables 3 and 4 also shows that down-
regulation by glucose does not affect KlNde2p, because the
NADH and NADPH oxidation rates are not significantly
different with Δklnde1 isolated mitochondria obtained from
glucose versus lactate cultures. Also, the NADH and NADPH
oxidation rates by isolated mitochondria are not significantly
different when theΔklnde2mutant is cultured in glucose versus
lactate, which is in agreement with the previous report that
KlNDE1 mRNA levels in high glucose were similar to those
obtained in low glucose or in lactate media [4]. Similarly, for the
wild type strain, NADH and NADPH oxidation rates by isolated
mitochondria when the strain was cultured in glucose were not
lower compared to when grown in lactate media, in fact, they
were even significantly higher with NADH.
3.6. KlNde2p activity is not calcium-dependent
KlNde2p, unlike KlNde1p, contains a putative calcium-
binding (E–F hand) motif as predicted by the MotifScan
program (Fig. 1). In plants and N. crassa there are calcium-
dependent alternative dehydrogenases containing a functional
E–F hand motif [11,13]. So, we next tested if calcium regulates
the KlNde2p activity.
First, we used the S. cerevisiae Δnde1nde2 strain trans-
formed with the plasmid expressing the KlNDE2 gene and
measured NADH and NADPH oxidation by isolated mitochon-
dria before and after calcium addition (Fig. 3A). We conducted
the assays at pH 7–7.5 since calcium-dependent Nde1p from N.
crassa has the greatest differences in activity when comparing
the presence and absence of calcium in this pH range [11]. The
results show that KlNde2p is not regulated by calcium in S.
cerevisiae isolated mitochondria. As a negative control, since
KlNde1p lacks the E–F hand motif (Fig. 1), we conducted the
same assay, at pH 7, in the S. cerevisiae Δnde1nde2 mutant
transformed with the plasmid carrying the KlNDE1 gene. The
oxygen uptake rates in the presence of ADP and calcium were
0.032±0.01 for NADH and 0.031±0.01 for NADPH, similar to
the rates obtained for this transformant in the absence of
calcium, as shown in Table 1.Second, to test the effect of calcium in K. lactis, we used the
Δklnde1 mutant, that only contains KlNde2p as external
alternative dehydrogenase, and measured the effect of calcium
on the oxygen uptake rate by isolated mitochondria from cells
growing in lactate media (Fig. 3B). The results were the same as
reported above for S. cerevisiae isolated mitochondria; no
calcium effect on KlNde2p activity was observed. Moreover,
the absence of a calcium effect was also found for isolated
mitochondria from the Δklnde1 mutant growing in glucose and
from the wild type strain growing in lactate and glucose (data
not shown). Besides, a range of calcium concentrations from
0.04 to 0.4 μg/ml was tested without finding any effect (data not
shown). Therefore, we conclude that exogenously added
calcium is not involved in the regulation of the KlNde2p
activity of isolated mitochondria.
This result agrees with the confidence of MotifScan
predictions. The calcium-binding motifs shown in Fig. 1 are
predicted by this program as strong matches for the proteins of
Solanum tuberosum and N. crassa, which are in fact calcium-
dependent [11,13], but as questionable or weak match for the K.
lactis protein.
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K. lactis external alternative dehydrogenases may lie in their
Michaelis–Menten constants for NADPH
Mitochondrial external alternative dehydrogenase activity
from plants is also regulated by substrate concentration [27].
Moreover, in a comparison of K. lactis rag2 (phosphoglucose
isomerase mutant) versus wild type strains in glucose, both a
higher external dehydrogenase activity in isolated mitochondria
and an increased KlNDE1 transcription have been reported
[4,28]. In the rag2 mutant in glucose, there is higher use of the
PPP and production of higher levels of cytosolic NADPH; this
strain grows in glucose due to the ability to use NADPH of the
external mitochondrial dehydrogenases [4,5,29]. We therefore
studied the influence of NADPH concentration on the external
alternative dehydrogenase activity in isolated mitochondria
from Δklnde1 and Δklnde2 strains.
The NADPH oxidation by mitochondria isolated from
Δklnde1 and Δklnde2 glucose grown cells was assayed using
different concentrations of NADPH, from 0.005 to 1 mM. The
data conform with Michaelis–Menten kinetics. We calculated the
KM(NADPH) and Vmax from the double-reciprocal representation
with two independent mitochondria isolations (Fig. 4). Values forFig. 4. Determination of Michaelis–Menten parameters for K. lactis external
NAD(P)H dehydrogenases. NADPH dehydrogenase activity of isolated
mitochondria from Δklnde1 and Δklnde2 mutants. Direct plot of the data
from two independent mitochondria isolations in the Michaelis–Menten
(r=0.92 for Δklnde1 mutant and r=0.97 for Δklnde2) and Double Reciprocal
graphs (r=0.91 for Δklnde1 mutant and r=0.91 for Δklnde2). The oxygen
uptake rates (μmol O2/min×mg protein) were measured in the presence of
0.25 mM ADP. Black triangles correspond to the Δklnde2 mutant and white
circles to theΔklnde1mutant. The cells were grown aerobically in glucose (1%)
media.the Δklnde1 mitochondria were KM(NADPH)=0.066 mM and
Vmax=0.13 oxygen uptake rate (μmol O2/min×mg protein) and
for the Δklnde2 mitochondria were KM(NADPH)=0.036 mM
and Vmax=0.21 oxygen uptake rate (μmol O2/min×mg protein).
The KM was 1.8-fold higher in Δklnde1 than in Δklnde2
isolated mitochondria. This fact suggests a lower affinity for
NADPH of KlNde2p than of KlNde1p. Therefore, the cytosolic
NADPH concentration may determine the relative activity of
KlNde1p and KlNde2p.
4. Discussion
We previously characterized in K. lactis two mitochondrial
alternative dehydrogenases, the internal enzyme that replaces
complex I, and the external enzyme KlNde1p that is able to
oxidize cytoplasmic NADH and NADPH [4]. In this work we
characterize another external alternative dehydrogenase from
K. lactis mitochondria, KlNde2p. We propose that the
metabolic differences between the fermentative S. cerevisiae
and the respiratory K. lactis are more dependent on the
characteristics of the external alternative dehydrogenases than
on the internal enzymes, the major differences being the
down-regulation in glucose-grown cells and the inability to
oxidize NADPH of S. cerevisiae external alternative dehy-
drogenases [4,8,9]. The data presented in this work reveal
that, like KlNde1p, the second external alternative dehydro-
genase from K. lactis can also oxidize NADH and NADPH,
and that this enzyme activity measured in isolated mitochon-
dria from K. lactis growing in glucose does not decrease in
reference to lactate growth.
On the other hand, in contrast with the S. cerevisiae NDE1
gene and N. crassa NDE1 and NDE2 genes [9–12], when the
KlNDE1 gene was deleted in a K. lactis wild type strain, we
did not find lower NADH or NADPH oxidation rates in the
mutant than in the wild type isolated mitochondria. When the
KlNDE2 gene was deleted in a K. lactis wild type strain,
NADH and NADPH oxidation rates actually increased. This
fact suggests that K. lactis can modulate the synthesis of the two
external alternative dehydrogenases in relation to cell needs.
Alternatively, two results suggest that in the cell the activities of
KlNde1p and KlNde2p have specific roles.
The S. cerevisiae phosphoglucose isomerase mutant, pgi1,
transformed with an episomic plasmid expressing the KlNDE2
gene recovered the ability to grow in low glucose concentration
(up to 0.4%). However, this mutant transformed with the same
episomic plasmid, but expressing the KlNDE1 gene, recovered
the ability to grow in media containing high glucose
concentration (up to 2%) [4]. One possible explanation for the
differences in glucose tolerance observed for the pgi1 mutant
transformed with KlNDE1 or KlNDE2 is distinct NADPH
reoxidation efficiency by the two proteins in vivo, with
KlNde1p being more efficient.
Once we excluded different pH optima and glucose down-
regulation of KlNde2p, we looked for other alternatives to
explain the differences in the activity of the two K. lactis
external enzymes in vivo. Møller [27] reported that the presence
of calcium and substrate concentration may modulate the
1483N. Tarrío et al. / Biochimica et Biophysica Acta 1757 (2006) 1476–1484activity of the external alternative dehydrogenases in plants. We
studied the influence of these two factors on the activity of the
two K. lactis external alternative dehydrogenases, and the
results suggest that substrate concentration may be involved in
the modulation of activities, but that calcium variation is not
involved despite the fact that KlNde2p contains a poorly
conserved calcium-binding domain. The KM(NADPH) of
KlNde2p is higher than that of KlNde1p; therefore, the
KlNde2p activity alone may not be high enough to reoxidize
the NADPH produced by the PPP when glycolysis is
interrupted at the phosphoglucose isomerase step. The
NADPH concentration in S. cerevisiae cells has been reported
to be less than 0.05 mM [30] which is in support of this
hypothesis since in this work we have estimated that the KM
(NADPH) of KlNde1p is lower than 0.05 mM and the KM
(NADPH) of KlNde2p is higher than 0.05 mM.
Another difference in the role in vivo of both external K.
lactismitochondrial dehydrogenases is that, as suggested by the
increased duplication time of the Δklnde2 mutant versus the
wild type strain in ethanol, KlNde2p may be involved in the
utilization of this carbon source.
The data presented in this work support that the character-
istics of the mitochondrial external alternative dehydrogenases
reflect an adaptation to the life-style of the organisms. Thus, K.
lactis, as a model of facultative respiratory yeast, needs external
alternative dehydrogenases with the ability to oxidize NADPH
that are not down-regulated by high glucose concentrations in
order to metabolize the glucose preferentially through the
pentose phosphate pathway.
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